Introduction We hypothesize that surgical decompression for Chiari malformation type 1 (CM-1) is associated with statistically significant decrease in tonsillar pulsatility and that the degree of pulsatility can be reliably assessed regardless of the experience level of the reader. Methods An Institutional Review Board (IRB)-approved Health Insurance Portability and Accountability Act (HIPAA)-compliant retrospective study was performed on 22 children with CM-1 (8 males; mean age 11.4 years) who had cardiac-gated true-FISP sequence and phase-contrast cerebrospinal fluid (CSF) flow imaging as parts of routine magnetic resonance (MR) imaging before and after surgical decompression. The surgical technique (decompression with or without duraplasty) was recorded for each patient. Three independent radiologists with different experience levels assessed tonsillar pulsatility qualitatively and quantitatively and assessed peritonsillar CSF flow qualitatively. Results were analyzed. To evaluate reliability, Fleiss kappa for multiple raters on categorical variables and intra-class correlation for agreement in pulsatility ratings were calculated.
Introduction
Chiari malformation type 1 (CM-1) is associated with impaired flow of cerebrospinal fluid (CSF) at the craniovertebral junction [1] . This abnormal CSF flow is believed to contribute to disease manifestations such as development of syringomyelia [2, 3] . However, the exact pathophysiology is poorly understood [4] .
Phase-contrast magnetic resonance imaging (MRI) has been extensively used for qualitative and quantitative assessment of CSF flow at the craniovertebral junction. Experts have used parameters such as flow velocity, flow pulsation magnitude, and temporal variations during the cardiac cycle for assessment of CSF flow dynamics [2, [5] [6] [7] [8] . Several studies demonstrated that phase-contrast MRI findings correlate to syrinx size and disease progression [2, 5, 9] and can help predict symptomatic outcome after surgical decompression [6, 7] .
Despite these important advances, quantitative phasecontrast MRI is not routinely used in many clinical departments, in part due to its time-and computation-intensive nature and in part, due to the measurement errors related to low CSF velocities and lack of signal.
Cardiac-gated balanced steady state technologies have been adopted from cardiac imaging in order to study brain motion [10] [11] [12] . This technique enables direct measurement of cerebellar tonsillar pulsation on T2-weighted images [13] . Recent work suggested that tonsillar motion is increased in patients with CM-1 compared to healthy controls, and that tonsillar pulsatility might be further increased in patients with symptomatic disease [14] . However, such findings have not yet been published in peer-reviewed journals. In our institution, the MRI protocol for children with CM-1 has included cardiac-gated cine true fast imaging with steady state precession (trueFISP) sequence since December 2009. TrueFISP sequence allows transverse magnetization equilibrium and hence, the desired T1/T2 weighting to be achieved even in the presence of motion [15] . Therefore, it provides high CSFsoft tissue contrast. We have observed in several cases that the degree of pulsatility of the cerebellar tonsil after surgery is less than the pulsatility before surgery. However, to the best of our knowledge, no study has been published to evaluate the pulsatility change associated with posterior decompression surgery in CM-1.
Our first hypothesis was that the degree of tonsillar pulsatility in CM-1 decreases after neurosurgical decompression. Our second hypothesis was that readers of different experience levels could reliably measure the degree of tonsillar pulsatility using cardiac-gated cine trueFISP sequence.
Materials and methods
Our Institutional Review Board (IRB) approved all procedures of this retrospective study (IRB no. 201102012) and issued a waiver of informed consent. The study was in complete compliance with the Health Insurance Portability and Accountability Act (HIPAA).
Patients
The inclusion criteria for this retrospective study were patients with CM-1 who underwent neurosurgical decompression at Saint Louis Children's Hospital between December 2009 and May 2013, and had both preoperative and postoperative CSF flow study as well as cardiac-gated cine trueFISP sequence.
Twenty-four patients met these inclusion criteria. The exclusion criterion was presence of MRI artifact on trueFISP or phase-contrast images of the craniovertebral junction perceived by at least one of the three readers to be compromising evaluation of tonsillar pulsatility or CSF flow. Two cases were excluded from this study based on the exclusion criterion.
MRI acquisition
MR imaging was performed on 1.5 Tesla scanners (Siemens, Erlangen, Germany). The cardiac-gated trueFISP sequence consisted of 20-25 5-mm-thick T2-weighted images in midsagittal plane, and could be viewed in a cine loop or individually to assess tonsillar pulsatility. Scan parameters used were TR 120-131 ms, TE 3.9-4.1 ms, FOV 240 mm, and matrix 320×320.
Scan parameters for sagittal phase-contrast (flow) imaging included TR 34-44 ms, TE 9-12 ms, FOV 220 mm, matrix 192×256, phases 18-24, NEX 2, and Venc 6.
MRI data analysis
A board-certified, CAQ-certified neuroradiology attending physician with more than 15 years of experience (AS), a board-certified neuroradiology fellow (AC), and a fourthyear radiology resident who had matched for neuroradiology fellowship (AR) reviewed all pre-and postoperative images independently using an institutional commercially available image viewer, Clinical Desktop, and blinded to the clinical history and surgical outcome. Each reader first reviewed all preoperative images. Following a minimum interval of 2 weeks to eliminate recall bias, readers reviewed all postoperative images. In regard to each examination, the readers first qualitatively assessed the tonsillar motion and then measured it quantitatively. Therefore, the assessment was at least partially subjective. All readers were blinded to the surgical technique used (posterior fossa decompression with versus without duraplasty. Please see "Surgical technique" section for details).
Qualitative assessment of tonsillar motion
Each reader reviewed the trueFISP images of each examination in a cine mode, and visually graded the degree of tonsillar pulsatility on a three-point scale, as 0 (no appreciable tonsillar motion), 1 (minimal tonsillar motion), or 2 (marked tonsillar motion). A similar method for qualitative assessment of tonsillar pulsatility was previously used in other articles [14] .
Quantitative assessment of tonsillar motion
Each reader scrolled through the trueFISP images of each examination, and measured (in millimeters) the degree of translation of the inferior edge of the cerebellar tonsil during cardiac cycle using an inbuilt measurement tool in our institutional image viewing application (Fig. 1) . Considering the submillimeter nature of pulsatility in children with CM-1, readers were advised to zoom in the cerebellar tonsillar area approximately 10 times before doing measurements, and also to use the sagittal conventional T1-weighted and/or T2-weighted sequences to ensure that flow artifact is not perceived as tonsillar tip on trueFISP images.
Qualitative assessment of peritonsillar CSF flow
Each reader reviewed the phase-contrast MR images, and graded the anterior flow (anterior to the cervicomedullary junction) and the posterior flow (posterior to the cervicomedullary junction) on a three-point scale, as 0 (no flow), 1 (reduced flow), or 2 (normal/robust flow). In our institution, quantitative assessment of CSF flow based on phase-contrast imaging is not routinely performed.
Assessment of cerebellar tonsillar position
For each preoperative examination, the perpendicular distance from the tip of the cerebellar tonsil to McRae's line (basionopisthion line) was measured on sagittal T1-weighted images, and recorded as a measure of tonsillar position/ectopia.
Surgical technique
For all patients, a midline incision was made from the inion to the upper cervical spine, followed by subperiosteal dissection, a suboccipital craniectomy, extending from the foramen magnum to the inferior nuchal line, and C1 laminectomy. For patients who underwent posterior fossa decompression with duraplasty (PFDD), the dura was opened in a Y-shaped fashion. Arachnoid adhesions were released with sharp dissection and tonsillar coagulation or tonsillar resection, if indicated. Dural closure was performed using a triangular patch of Durepair Dura Regeneration Matrix (TEI Biosciences, Medtronic Neurosurgery, Waltham, MA) or a pericranial graft. For patients who underwent less invasive extradural decompression (PFD), the dura was not opened, and intraoperative ultrasound was used to ensure adequate decompression of the craniovertebral junction by visualizing the space around the cerebellar tonsils before and, again, after sectioning of the atlantooccipital membrane. Typically after sectioning of the extradural membrane, the surgeon would see expansion of the subarachnoid space posterior to the tonsils, which would persist throughout the cardiac cycle. If the dura did not contact the tonsils throughout the cardiac cycle then extradural decompression was considered adequate. In rare cases when inadequate expansion was noted, the dura would be expanded by multiple vertically oriented incisions in the outer leaf, taking care not to open the arachnoid membrane. Following hemostasis, the wound was closed using interrupted suture.
Surgical outcome
The Chicago Chiari outcome scale (CCOS) is a standardized and recently validated tool to assess the postoperative outcome in CM-1 [16, 17] . The CCOS uses four postoperative outcome categories (pain, nonpain symptoms, functionality, and complications) graded 1 to 4 for a total possible score of 16.
Statistical analysis
We used SAS 9.3 (SAS Institute, Cary, NC) to perform Fisher exact tests, analysis of variance, two-sided parametric t tests, logistic regressions, and linear regressions. To evaluate reliability, we used R 3.0.2 irr library (The R Foundation for Statistical Computing) to calculate Fleiss kappa for multiple raters on categorical variables and intra-class correlation for agreement in pulsatility ratings [18] .
Results

Patients
Out of 24 patients who met the inclusion criteria, two were excluded because an MRI artifact at the craniovertebral junction on their trueFISP images compromised evaluation of tonsillar pulsatility. Twenty-two patients were studied, consisting of 8 males and 14 females. The age of the patients at the time of surgery ranged from 2 years to 18 years, with a mean age of 11.4 years, and standard deviation of 4.9 years. The mean time interval between preoperative MRI and decompression surgery was 5.6 weeks (standard deviation of 6.6 weeks). The mean time interval between decompression surgery and postoperative MRI was 17 weeks (standard deviation of 4.6 weeks).
MRI data
Agreement among readers
The kappa values for preoperative and postoperative pulsatility assessments were 0.496 and 0.472, respectively (p value <0.001 for both). Therefore, there was moderate agreement among the three readers in qualitative assessment of tonsillar pulsatility [18] .
The intraclass correlation for quantitative assessment of preoperative tonsillar pulsatility among the readers was 0.834 (p value <0.001, 95 % confidence interval [CI] 0.690-0.924). The intraclass correlation for quantitative assessment of postoperative tonsillar pulsatility among the readers was 0.753 (p value <0.001, 95 % CI 0.551-0.886). Therefore, there was substantial to almost perfect agreement among the three readers in quantitative assessment of tonsillar pulsatility [18] .
The [18] .
Qualitative assessment of tonsillar motion
In order to analyze qualitative data, 0, 1, and 2 were assigned to no, minimal, and marked pulsatility, respectively. Delta pulsatility was defined as preoperative tonsillar pulsatility minus postoperative tonsillar pulsatility. The parametric t test with the null hypothesis being "delta pulsatility is zero" revealed p values of <0.001, <0.001, and 0.045 for the three readers, respectively. Therefore, the change in pulsatility following neurosurgical decompression as perceived visually by the three readers was statistically significant.
Quantitative assessment of tonsillar motion
The mean (standard deviation) of preoperative and postoperative pulsatility, respectively, measured 1.2 mm (0.6 mm) and 0.6 mm (0.4 mm) by the first reader, 1.1 mm (0.6 mm) and 0.5 mm (0.4 mm) by the second reader, and 1.0 mm (0.6 mm) and 0.6 mm (0.3 mm) by the third reader.
More prominent tonsillar ectopia (lower position of the cerebellar tonsil) was associated with larger tonsillar pulsatility on preoperative images (p values of 0.033, 0.007, and 0.013 for the three readers). Preoperative tonsillar pulsatility showed no meaningful correlation to the age of the subjects (p value of 0.87).
Delta pulsatility for each patient was defined as the preoperative pulsatility measure minus the postoperative pulsatility measure. The delta pulsatility mean was 0.64 mm (p value <0.001, 95 % CI 0.35-0.93) for the first reader, 0.66 mm (p value <0.001, 95 % CI 0.37-0.95) for the second reader, and 0.43 mm (p value 0.022, 95 % CI 0.07-0.79) for the third reader. Therefore, based on the quantitative measurements reported by all three readers, postoperative tonsillar pulsatility was significantly less than preoperative tonsillar pulsatility in all cases.
Qualitative assessment of peritonsillar CSF flow
In order to evaluate the difference in peritonsillar flow before and after surgery, each anterior or posterior flow assessment result was designated 0 for "no flow," 1 for "reduced flow," and 2 for "normal/robust flow." Delta flow was defined as postoperative flow minus preoperative flow. The t test was performed for the anterior and posterior flows separately with the null hypothesis being "delta pulsatility is zero." According to all three readers, the anterior flows were not significantly different before and after the surgery (p values >0.1 for all three readers). The posterior flows were significantly different before and after the surgery (p values 0.011, 0.003, <0.001 for the three readers).
Surgical technique
Seven out of 22 cases underwent PFDD, while others underwent less invasive PFD. Delta pulsatility, defined as preoperative pulsatility minus postoperative pulsatility, was calculated for each case. The delta pulsatility means (standard deviation) for PFDD and PFD methods, respectively, measured 1.0 mm (0.6 mm) and 0.5 mm (0.5 mm) for the first reader, 1.1 mm (0.8 mm) and 0.5 mm (0.5 mm) for the second reader, and 1.1 mm (0.9 mm) and 0.3 mm (0.5 mm) for the third reader. The two-sided parametric t test was run for each reader's results separately to see if the mean delta pulsatility for the PFDD method is significantly different from the mean delta pulsatility for the PFD method. Based on the results of the three readers, PFDD was associated with more prominent decrease in tonsillar pulsatility in comparison to PFD. Such difference was statistically significant based on the results from two of the three readers (p values of 0.166, 0.043, and 0.019 for the 3 readers).
Similarly, the peritonsillar flow values were assigned 0, 1, and 2 for no flow, reduced flow, and normal/robust flow, respectively. Delta flow was defined as postoperative flow minus preoperative flow. These steps were done separately for the anterior and posterior flows and for each reader's results. Subsequently, the parametric t test was applied to explore any significant difference in mean delta flow between PFDD and PFD techniques. The analysis for the results obtained by all three readers revealed no statistically significant difference in the anterior or the posterior flow between PFD and PFDD techniques (p values for the anterior and posterior flows, respectively, were 0.500 and 0.086 for the first reader, 0.130 and 0.133 for the second reader, and 0.351 and 0.842 for the third reader).
Surgical outcome
The Chicago Chiari outcome scale was in the range of 9-16 (median of 14) for all patients. The outcome scale did not show a statistically significant correlation with the amount of change in tonsillar pulsatility after surgery (p values 0.53, 0.32, and 0.10 for the three readers).
Discussion
Based on our findings, posterior fossa decompression surgery in children with CM-1 is associated with a statistically significant decrease in cerebellar tonsillar pulsatility. Such decrease is appreciable both qualitatively (visually) and quantitatively.
These findings are concordant with the available literature. The anatomical features of the posterior fossa have been shown to normalize after decompression surgery where tonsillar ectopia diminishes by 51 % [1] . Researchers have found that tonsillar pulsatility correlates positively with the degree of tonsillar ectopia, while tonsillar ectopia correlates with clinical symptoms [14] . Pujol et al. showed that the higher amplitude of tonsillar pulsation was associated with the symptom of cough-strain headache [8] .
The readers in our study detected a mean preoperative tonsillar pulsatility of 1.0-1.2 mm (SD 0.6 mm). Cousins et al. studied 11 CM-1 patients of 29-50 years of age and reported a tonsillar pulsatility of 0.57 mm (SD 0.04 mm) [10] . Different factors may contribute to the noticeable difference in the reported numbers between the two studies. Unlike the age range studied by Cousins et al., all our subjects were 18 years old or younger. We only included the subjects that had both pre-and postoperative imaging, and such cases might conceivably have been more symptomatic or possibly have had more severe craniovertebral junction abnormality necessitating postoperative follow-up imaging. In addition, our subjective method of assessing and measuring tonsillar motion might have affected the accuracy of our reported values, while Cousins et al. used a software program based on pixel shifting for measuring tonsillar motion [10] . Hofmann et al. reviewed 18 patients of 3-79 years of age with CM-1 and reported a faster cord displacement in patients relative to healthy controls but did not report cerebellar tonsillar motion measurements [19] .
A reliability study by Sharma et al. in 2012 showed good agreement between two attending neuroradiologists with more than a decade of experience each in assessing the degree of tonsillar pulsatility both qualitatively and quantitatively. In this study, we showed that such agreement also exists among users of different experience levels, including a senior radiology resident, a neuroradiology fellow, and an attending neuroradiologist with several years of experience. Sharma et al. also showed good intra-observer agreement in determining and measuring tonsillar pulsatility [13] .
Brain and spine MRI in patients with CM-1 commonly includes phase-contrast sequence to assess CSF flow dynamics at the level of the foramen magnum. Some studies have shown findings of phase-contrast imaging in CM-1 to correlate with symptoms and surgical outcome, while others have not shown such correlation [4, 6, 20] . In centers, like ours, where quantitative assessment of the CSF flow is not feasible, images are reviewed and assessed qualitatively and visually by a neuroradiologist. Our study showed that readers of different experience levels had only slight agreement in their qualitative assessment of peritonsillar flow robustness. Therefore, we suggest assessment of tonsillar pulsatility as a more reliable complementary or alternative approach to visual assessment of peritonsillar flow, wherever quantitative CSF flow study is not feasible. It should be noted that 4D phasecontrast flow imaging with its 3D velocity encoding and volumetric coverage has been shown to provide a great deal of information about the complex flow of CSF and, although not tested in this study, may prove equally or more reliable compared to tonsillar pulsatility measurement [21] .
The tonsillar pulsatility before surgery is significantly greater than the pulsatility after neurosurgical decompression, and the difference was appreciable both qualitatively and quantitatively by all three users. These findings pave the way for future studies of a larger number of cases to investigate the correlation between delta pulsatility and surgical outcome as hypothesized based on our findings and available literature [14, 22] . We could not prove such correlation using the Chicago scale as the measure of outcome. If such correlation is confirmed in future studies and using a larger number of cases or alternative outcome measures, tonsillar pulsatility can be used as a prognostic biomarker in postoperative care of CM-1.
Other researchers have shown that from an engineering perspective, CSF biomechanics including fluid velocity, pressure, and motion of the cord are significantly different between patients with CM-1 and healthy subjects [20, 23] . Larger decrease in tonsillar pulsatility following PFDD compared to PFD is probably related to the role of duraplasty as an extra step during PFDD to correct the impaired biomechanics at the level of the foramen magnum. This finding is concordant with previous works showing that PFDD is associated with lower risk of reoperation compared to PFD [22] . The small number of cases in our series that underwent PFDD (seven cases) should be considered as a limitation for this conclusion. In our institution, the choice between the two techniques is made primarily based on an individual surgeon's practice patterns/preferences. However, for patients with severe symptoms and/or large syrinx, surgeons were more likely to choose PFDD over PFD.
Beside the small sample size, the primary limitation of this study is the fact that the visual assessment and then manual measurement of tonsillar pulsatility is inherently subjective. An objective method of assessment such as using pixel threshold technique or quantitative assessment of motion based on phase-contrast MRI, as used by Yiallourou et al., could address this limitation [24] .
In our institution, postoperative MRI including CSF flow study is usually performed to monitor syrinx resolution or if there is concern for persistent or progressive symptoms. We included the patients who had both pre-and postoperative imaging; therefore, there is potential for a selection bias in our series. Such bias might have led to inclusion of patients who had less favorable postoperative outcome necessitating postoperative imaging. Therefore, the degree of difference in tonsillar pulsatility that we noticed before and after the surgery could be on the conservative side, and if patients with more favorable postoperative outcomes are included in such analysis, the difference will likely be more significant than we found. This assumption is based on the prior studies that showed positive correlations between tonsillar pulsatility, tonsillar ectopia, and clinical symptoms [14] .
Another limitation of this study is the fact that the three readers could not be blinded to the pre-versus postoperative states of the images they reviewed because postsurgical changes of suboccipital decompression are radiologically evident. A minimum interval of 2 weeks was established for each reader between reviewing the preoperative images and postoperative images in an attempt to eliminate recall bias.
The lack of CSF flow quantification is a limitation of this study. Future studies to evaluate correlations between tonsillar pulsatility and quantitative phase-contrast imaging, and between tonsillar pulsatility and surgical outcome will be of interest.
With the current state of technology, susceptibility of trueFISP images to artifact (especially after suboccipital decompression surgery) remains a limiting factor in accurately assessing tonsillar pulsatility.
Conclusion
Tonsillar pulsatility was reliably measured using trueFISP sequence, and was found to have reduced after decompressive surgery in children with Chiari malformation type 1.
